Many athletes are concerned about attaining or maintaining optimal body weight and composition for their sport. Athletes may want to reduce body weight to ensure optimal performance, to improve aesthetic appearance, or to compete in weight category sports. This leads to efforts to reduce body fat without losing muscle mass and often to nutritional practices that may have severe health consequences. A ketogenic diet is high in fat and low in carbohydrates (≤50 g d-1) and fairly high in protein. There are numerous randomized controlled studies showing that ketogenic diets effectively reduce body fat without causing excessive loss of lean body tissue. The crucial question is whether these diets influence sports performance and, if so, how. Many nutrition-exercise combinations have been studied in an effort to increase rates of fatty acid oxidation and attenuate the rate of carbohydrate utilization, thus potentially augmenting exercise performance. The evidence suggests that increased fat availability transfers into higher rates of both whole-body and muscle lipid utilization during standardized submaximal aerobic exercise. However, despite greater rates of fat oxidation, these diets consistently fail to improve endurance performance compared with a carbohydrate-rich diet, and little is known about the effect of a ketogenic diet on strength performance.
Introduction
The ketogenic diet (KD) is a nutritional approach consisting of high-fat and adequate protein content but insufficient levels of carbohydrates for metabolic needs (<20 g d-1 or 5% of total daily energy intake Paoli, Bianco, & Grimaldi, 2015; Phinney, Bistrian, Evans, Gervino, & Blackburn, 1983) , thus forcing the body to use fat as a primary fuel source. The original KD was proposed as a 4:1 lipid:nonlipid ratio, with 80% of daily energy intake from fat, 15% protein, and 5% carbohydrate. Many modifications subsequently have been introduced to the original KD, for example, lowering the lipid: nonlipid ratio or no restrictions in daily energy (in kilojoules) intake with protein and fat. The majority of knowledge about the metabolic aspects of KD comes from studies conducted at the end of the 1960s (Owen et al., 1967; Owen, Felig, Morgan, Wahren, & Cahill, 1969) ; it has been shown that fasting ingesting (i.e., no or minimal amounts of food and caloric beverages for periods that typically range from 12 h to 3 wk) (Paoli et al., 2015) induces a particular metabolic state called "ketosis" (Chieffi et al., 2017) .
Ketosis, the metabolic response to an energy crisis, is a mechanism to sustain life by altering oxidative fuel selection. Often overlooked for its metabolic potential, ketosis is poorly understood outside of starvation or diabetic crisis. Ketone body metabolism is a survival trait conserved in higher organisms to prolong life during an energy deficit or metabolic crisis. The advantages of ketone body metabolism during starvation are clear; providing an oxidizable carbon source to conserve precious glucose/gluconeogenic reserves while simultaneously satisfying the specific fuel demands of the brain. Ketone bodies, when present, act not only as respiratory fuels to power oxidative phosphorylation but as signals regulating the preferential oxidation and mobilization of fuel substrates .
Many athletes are concerned about attaining or maintaining an optimal body weight and body composition for their sport (Kiens & Astrup, 2015; Messina et al., 2015) . Athletes may want to reduce body weight to ensure optimal performance, to improve aesthetic appearance, or to compete in weight category sports. This leads to efforts to reduce body fat without losing muscle mass and often to nutritional practices that may have severe health consequences. The KD can be used by athletes to produce weight loss without impairing performance, especially strength performance. There are numerous randomized controlled studies showing that KD effectively reduces body fat without causing excessive loss of lean body tissue (Gibson et al., 2015; Viggiano et al., 2016) . The crucial question is whether these diets influence sports performance. Many nutrition-exercise combinations have been studied in an effort to increase rates of fatty acid oxidation and attenuate the rate of carbohydrate utilization, thus potentially augmenting exercise performance.
The interaction between exercise-induced responses and nutrient availability has long been recognized (Hawley & Burke, 2010) . It seems that altering the substrate supply during exercise can modify a training impulse, but it has not been clearly determined to what extent. Skeletal muscle energy status exerts profound effects on resting metabolism and fuel use during exercise, exercise capacity, regulation of cell signalling and gene expression, as well as numerous processes involved in training adaptation. Some of the more recent studies on nutrition and exercise metabolism have attempted to examine scientific evidence for the hypothesis that endurance training undertaken with low carbohydrate availability promotes greater adaptive changes compared to high carbohydrate availability (Hawley & Burke, 2010; Lambert, Hawley, Goedecke, Noakes, & Dennis, 1997; Monda et al., 2017; Volek et al., 2009; Zajac et al., 2014) .
For example, athletes in endurance sports lasting one hour or more are constantly searching for new nutrition strategies to enhance performance. Knowledge about energy metabolism has placed the focus on dietary carbohydrates in the past three to four decades, with most athletes undertaking carbohydrate loading for different periods of time before competitions (Zajac et al., 2014) . High-carbohydrate diets increase muscle and liver glycogen stores, improving endurance performance, yet simultaneously increase the rate of carbohydrate utilization during exercise. Having this in mind, scientists and athletes have begun experimenting with dietary procedures that would decrease the rate of carbohydrate utilization, while increasing fat metabolism during prolonged physical work. It seems that such an alternative in exercise metabolism can be induced by a high-fat, low-carbohydrate diet. Very low carbohydrate ketogenic diets have been used for years in fighting obesity and different common and rare disease states (Gibson et al., 2015) .
Ketogenic diet and Endurance Exercise
In an important study performed in endurance runners, KD promoted higher peak fat oxidation (Zajac et al., 2014) . This finding has been attributed to increased fat oxidation capacity. In another investigation, exhaustive cycling performance was improved by nutritional ketosis (Cox et al., 2016) . This might be a limitation of the human study, and a well-designed in vivo or in vitro experiment may validate this result. It was reported that in an experiment that lasted for 762 days, muscle mitochondrial volume was increased by KD (Parry et al., 2018) . Other authors show that a 12-week KD combined with daily treadmill exercise induced higher gene expression in markers of fatty acid oxidation, as compared with the control diet combined with exercise (Shimizu et al., 2018) . It was also reported that ketolytic metabolism and lipolytic metabolism were remodelled by an eight-week KD in mice, thereby enhancing their endurance . These results explain the partial mechanisms by which keto-adaption showed great potential in improving endurance exercise capacity. However, other researchers have reported that KD increased benefit in body composition and wellbeing but failed to enhance endurance capacity (Zinn, Wood, Williden, Chatterton, & Maunder, 2017) . Furthermore, a low-carbohydrate, high-fat diet impaired exercise economy and performance after intensified training in a group of elite race walkers (Burke et al., 2017) . In an animal model, however, eight weeks of KD significantly enhanced the endurance capacity of C57/BL6 mice (Zinn et al., 2017) ; a correlation existed between body weight and running time until exhaustion with mice on heavier a KD running longer. This was attributed to keto-adaptation (Zinn et al., 2017) . Since there was an inter-individual difference, the subjects possessing higher metabolic flexibility may prefer KD and reflect the weight change. After a two-month KD, the average weight of KD mice decreased by 30% compared with mice on a normal diet (Ma & Suzuki, 2019; Murtaza et al., 2019) .
Effects on Anaerobic Exercise
Anaerobic exercise is a high intensity, low duration exercise that lasts less than 2 min. Energy demands are met by the phosphagen system and lactic acid system, which are highly dependent upon skeletal muscle glycogen. During anaerobic exercise, high contractile forces occur within the muscle, and muscle fibres become damaged. In addition to the replenishment of carbohydrates during the recovery period, adequate consumption of essential amino acids is necessary to support the protein synthesis required to repair and rebuild the muscle. In this regard, LC/KDs typically provide sufficient protein intake (~15% of daily calories) to avoid amino acid deficiency. However, due to the low carbohydrate intake, the increased reliance of amino acids toward gluconeogenesis and the impairment of glycogen-store restoration may adversely affect anaerobic performance. Several studies evaluated the effects of LC/ KDs on anaerobic performance, primarily assessing power or strength parameters, in various populations, including endurances athletes (McSwiney et al., 2018) , Cross-Fit participants (Wilson et al., 2017) , gymnasts (Paoli et al., 2012) , and powerlifters (Greene, Varley, Hartwig, Chapman, & Rigney, 2018) . Dietary interventions ranged from 6 weeks to 12 weeks and included normal training regimens typical of the populations studied. In general, consumption of the LC/KD did not result in strength or power measures that were significantly different from the control groups ( Harvey, Holcomb, & Kolwicz, 2019) . One study reported a significant increase in relative power, but not absolute power, which was due to the decreased body weight experienced by the subjects. In some studies, significant decreases in skeletal muscle thickness or lean body mass were noted. Moreover, muscle hypertrophy from resistance training may be blunted with the LC/KD (McSwiney et al., 2018) . These studies demonstrate that the LC/KD diet is not an effective strategy to increase anaerobic performance in trained individuals or athletes, and it has the potential to negate the expected increases in lean body mass from anaerobic training (Harvey et al., 2019) .
Effect on central fatigue
In addition to the aforementioned physiological changes in the muscle, the metabolic changes induced by long-term KD diets may also affect the central nervous system during exercise. The role of the central nervous system in the development of physical fatigue has long been recognized (Gandevia, 2001) . Alterations in the metabolic fuel use during exercise after adaptation to an LCHF diet can affect cerebral amino-acid uptake, energy metabolism, and neurotransmission. The increased rate of fat oxidation during exercise after adaptation to a KD diet is likely to increase brain uptake of free tryptophan. This is the consequence of increased competition for binding to albumin by rising concentrations of non-esterified fatty acids (NEFA). Free tryptophan is the precursor of serotonin (5-hydroxytryptamine), a brain neurotransmitter associated with the feeling of lethargy and tiredness that may contribute to the loss of central drive and motivation (Davis & Bailey, 1997) . Increased brain uptake of free tryptophan has been reported to favour cerebral serotonin synthesis and contribute to central fatigue (Chang, Borer, & Lin, 2017) . The high protein content of KD diets also leads to elevated ammonia production during exercise (Chang et al., 2017) . Ammonia is another factor that could induce central fatigue by altering cerebral energy metabolism and neurotransmission and also affect signalling pathways within the neural circuits (Secher, Seifert, & Van Lieshout, 2008) . Subjects adapted to KD diets experienced higher plasma concentrations of NEFA and ammonia, two agents contributing to central fatigue, during exercise at various intensities (Ferreira et al., 2014) . A pilot study with untrained adults consuming a hypocaloric KD diet for two weeks suggested that increased blood concentration of ketone bodies was associated with the feeling of fatigue and mood disturbance during submaximal exercise, which are indicators of central fatigue (Ferreira et al., 2014) . There is currently a knowledge gap regarding the possible effect of long-term adaptation to LCHF diets on central fatigue in various types of exercise that is in need of additional research.
Conclusion
In modern sport nutrition, practitioners teach athletes to manipulate their eating practices to avoid unnecessary and excessive intakes of carbohydrates per se, to optimize training outcomes via modification of the timing, amount and type of carbohydrate-rich foods and drinks to balance periods of low-and high-carbohydrate availability and to adopt proven competition strategies that provide appropriate carbohydrate availability according to the needs and opportunities provided by the event and individual experience (Burke, 2015) . It is important to consider insights from research and athlete testimonials to identify different scenarios in which one approach might offer advantages over another or to explain divergent outcomes, rather than insist on a single "truth" or solution. Indeed, although there is a continual cry to rid sports nutrition of "dogma" (Brukner, 2013) , it would seem counterproductive if new ideas were as dogmatic as the old beliefs they seek to replace. This author and others continue to undertake research to evolve and refine the understanding of conditions in which low carbohydrate availability can be tolerated or actually beneficial (Jeukendrup, 2017) . However, we also recognize that the benefits of carbohydrate as a substrate for exercise across the full range of exercise intensities via separate pathways, the better economy of carbohydrate oxidation versus fat oxidation (ATP produced per L of oxygen combusted) (Cole, Coleman, Hopker, & Wiles, 2014) , and the potential CNS benefits of mouth sensing of carbohydrate (Burke & Maughan, 2015) can contribute to optimal sporting performance and should not be shunned simply because of the lure of the size of body fat stores. In other words, there should not be a choice of one fuel source or the other, or "black versus white", but rather a desire to integrate and individualize the various dietary factors that can contribute to optimal sports performance.
For endurance athletes, the literature supports LC/KDs as an effective strategy to reduce body weight and fat mass, particularly in a period of 3-12 weeks. Limited studies demonstrate a significant improvement in exercise performance at submaximal (~60%) intensities. However, exercise performance at higher intensities may actually be impaired. For athletes concerned with anaerobic power and strength, short-term consumption of LC/KDs does not negatively affect these performance parameters but may lead to unwelcomed decreases in lean body mass or blunted skeletal muscle hypertrophy. Therefore, the literature does not support the use of LC/KD as an effective dietary strategy to increase athletic performance. Ketone body supplements, including KS and KE, are commercially available and gaining popularity in the exercise community. However, since supplements are not evaluated or approved by the Food and Drug Administration (FDA), consumers must pay careful attention to the components of the supplements. Compared to KS, KE supplements appear to be more effective at inducing ketosis; however, there are limited studies demonstrating improvements in the exercise performance of trained athletes. Moreover, the benefits of KE supplementation in non-athletes is unknown. Although recent research findings lend support to targeting ketone body metabolism for the treatment of cardiac dysfunction, obesity, diabetes, and exercise performance, further research is needed before dietary interventions or supplementation is implemented.
